High Intensity Focused Ultrasound (HIFU) is an emerging noninvasive, nonionizing physical energy based modality to ablate solid tumors with high power, or increase local permeability in tissues/tumors in pulsed mode with relatively low power. Compared with traditional ablative HIFU, nondestructive pulsed HIFU (pHIFU) is present in the majority of novel applications recently developed for enhancing the delivery of drugs and genes. Previous studies have demonstrated the capability of pHIFU to change tissue local permeability for enhanced drug delivery in both mouse tumors and mouse muscle. Further study based on bulk tissues in large animals and clinical HIFU system revealed correlation between therapeutic effect and thermal parameters, which was absent in the previous mouse studies. In this study, we further investigated the relation between the therapeutic effect of pHIFU and thermal parameters in bulky normal muscle tissues based on a rabbit model and a preclinical HIFU system. Correlation between therapeutic effect and thermal parameters was confirmed in our study on the same bulk tissues although different HIFU systems were used. Following the study in bulky normal muscle tissues, we further created bulky tumor model with VX2 tumors implanted on both hind limbs of rabbits and investigated the feasibility to enhance tumor permeability in bulky VX2 tumors in a rabbit model using pHIFU technique. A radiolabeled peptidomimetic integrin antagonist, 111 In-DOTA-IA, was used following pHIFU treatment in our study to target VX2 tumor and serve as the radiotracer for follow-up single-photon emission computed tomography (SPECT) scanning. The results have shown significantly elevated uptake of 111 In-DOTA-IA in the area of VX2 tumors pretreated by pHIFU compared with the control VX2 tumors not being pretreated by pHIFU, and statistical analysis revealed averaged 34.5% enhancement 24 h after systematic delivery of 111 In-DOTA-IA in VX2 tumors pretreated by pHIFU compared with the control VX2 tumors.
Introduction
HIFU is an emerging therapeutic technique to noninvasively deliver localized ultrasound energy deep in the body without affecting the surrounding tissues [1] . Currently it has been in clinical use or under clinical trial as an alternate approach to open surgery to noninvasively ablate a variety of tumors, such as uterine fibroids, prostate tumor, brain tumor, breast tumor, etc. [2] [3] [4] [5] [6] [7] [8] . Although tumor ablation with high power is the best known application of HIFU technology, there is increasing interest in using the same HIFU technology in pulsed mode with relatively low power -pulsed HIFU (pHIFU) -to nondestructively create change in tissue permeability for enhancing the delivery of therapeutic agents in the tumor. For example, studies have shown that pHIFU exposure can lead to improved delivery of high-molecular weight fluorophore, plasmid DNA, fluorescently labeled polystyrene nanoparticles, monoclonal antibodies, and tissue plasminogen activator (tPA) [9] [10] [11] [12] [13] [14] . Combined with microbubbles, HIFU exposure in brain has been used to locally disrupt the intact blood-brain barrier (BBB) to allow penetration of IgG tracer [15] .
Although the therapeutic benefits of pHIFU for drug delivery enhancement has been well-established in mouse models, there was little studies on the mechanism of pHIFU enhanced drug delivery. The correlation between treatment parameters and treatment effects is still elusive, which hinders the translational and clinical application of pHIFU technique to enhance localized drug delivery in tumors. For example, recent study based on bulk tissue in large animals and clinical HIFU system have revealed correlation between therapeutic effect and thermal parameters [16] , the findings of which differs significantly from the results reported in previous mouse studies [17, 18] . In this study, we further investigated the relation between the therapeutic effect of pHIFU and thermal parameters in bulky normal muscle tissues based on a rabbit model and a preclinical HIFU system, with the goal to validate the previous findings and investigate the translational feasibility of pHIFU drug delivery from mouse to clinical models. Following the mechanism study between the therapeutic effects of pHIFU and thermal parameters on bulky normal muscle tissues, we further investigated the feasibility of using pHIFU technique to enhance tumor permeability in bulky VX2 tumors implanted in rabbits. A radiolabeled peptidomimetic integrin antagonist 111 In-DOTA-IA was used following pHIFU treatment in our study to target VX2 tumor and serve as the radiotracer for the enhanced drug delivery study. The uptake of 111 In-DOTA-IA in the area of VX2 tumors pretreated by pHIFU was then compared by SPECT imaging with that in control VX2 tumors not being pretreated by HIFU.
Materials and methods

Animal experiments
Eleven female New Zealand white rabbits (Robinson Services Inc., Mocksville, NC) between 3 and 4 kg in weight were used in the study. Five of the rabbits were implanted with VX2 tumors, four of which successfully completed all the procedures in the study. Eight successful pHIFU experiments were conducted on the remaining six rabbits for the purpose of optimizing the pHIFU treatment parameters and investigating its correlation with the therapeutic effects of pHIFU treatment. All animals were handled according to a protocol approved by the Institutional Animal Care and Use Committee of Wake Forest School of Medicine. During pHIFU treatment, rabbits were sedated with intramuscular injection of 25 mg/kg ketamine and 4 mg/kg xylazine. The injection consists of 100 mg/ml of ketamine and 20 mg/ml of xylazine (mixture). The surgical anesthesia was maintained with 2%-3% isoflorane inhalation anesthesia. Prior to procedure, their hair was clipped over the hind limbs on the side to be treated and the remaining hair was removed using a medical depilatory. In the study of investigating the correlation between the therapeutic effects of pHIFU treatment and the thermal parameters, the muscle tissue on both hind limbs of rabbits will be treated by pHIFU with a 3-4 weeks recovery gap between the two experiments. Following terminal MRI or SPECT scanning, rabbits were euthanized by intravenous administration of Pentobarbital Sodium 120 mg/kg.
VX2 tumor implantation
Intramuscular VX2 carcinomas were implanted in the gluteal muscles on both sides of five rabbits to be treated by HIFU. The VX2 carcinoma tumor cells were purchased from the NCI-DTP tumor repository. Rabbits were sedated with intramuscular injection of 25 mg/kg ketamine and 4 mg/kg xylazine. The injection consists of 100 mg/ml of ketamine and 20 mg/ml of xylazine (mixture). Immediately before the procedure, lateral aspects of the hind limb of rabbits were locally shaved and disinfected using alcohol spray. 0.75-1.0 ml of VX2 cell solution (800,000 cells/kg rabbit weight) were then injected deep in the gluteal muscles of hind limbs of the rabbits. Around 7 days after inoculation the tumors were expected to reach an average size of about 500 mm 3 . The tumors in one of the five rabbits implanted with VX2 tumors did not grow well and did not enter the pHIFU treatment study. The other four successfully completed all the procedures in the study.
HIFU treatment
The HIFU treatment was conducted with a customized MRI/MR thermometry-guided preclinical HIFU unit (RK-100, FUS Instruments Inc., Toronto, Ontario, Canada) to deliver ultrasound energy to the target sites in the hind limb of rabbits. The system probe is a spherically focused ultrasound transducer with a center frequency of 1 MHz and a focal spot size around 1-2 mm in diameter and 5-6 mm in length. The focal length of the probe is 60 mm. The probe is mounted on a MRcompatible computer-controlled three-axis positioner to allow for precisely focusing on the targeted site. The probe is immersed in a tank full of degassed and deionized water for acoustic coupling. Prior to the HIFU treatment, the focal spot is registered with the MR coordinates with a method established before [19] . The rabbit was rest prone lateral in the water tank on a gel pad with ultrasound transparent film on the bottom. During treatment, the focused spot was placed against the hind limb of the rabbit (the side to receive HIFU treatment). The surface of the probe was kept around 50-55 mm below the rabbit skin to allow for precise focusing on the target spot in the target spot in the muscle tissue, which is typical 5-10 mm beneath the rabbit skin. The distance from the probe surface and the skin of rabbit may vary a little bit, depending on the spot location in the muscle. The acoustic parameters during the pHIFU treatment are in the range of 60-90 W peak acoustic power (P Peak ), 5-20% duty cycle (DC) and 120-240 pulses (1 Hz) per sonication, which are based on reported studies [16, 20] and then further optimized experimentally on our customized preclinical pHIFU system to reach the targeted therapeutic effect. The maximum deliverable peak power of our system is around 90 W, which is much lower than that in clinical pHIFU system (> 280 W) used in previous studies. As such, duty cycle and number of pulses were increased during our study in comparison to the acoustic parameters used in reported studies, in order to reach the threshold (average power > 10.25 W) for successful pHIFU treatment found before. [16] The acoustic intensity around the focused spot and the HIFU induced temperature change in each experiment was controlled and monitored in near realtime by using MR-thermometry.
MRI and MR thermometry
The MRI scans were conducted with a customized surface coil (FUS Instruments Inc., Toronto, Ontario, Canada) attached to a 3T Siemens Skyra scanner (Siemens, Erlangen, Germany) to acquire all MRI images to guide the treatment, monitor the temperature profiles during the treatment, visualize the induced edema in T2-weighted images before and after treatment, and analyze the permeability changes with T1-weighted dynamic contrast enhanced (DCE) MRI images.
Image guidance was based on T2-weighted images acquired by MRI using 3D dual echo steady-state sequence (echo time (TE)/repetition time (TR) = 5.7/17 ms, 10 cm field of view (FOV), 256 × 256 matrix size, 88 slices, 0.39 × 0.39 mm 2 in-plane resolution, 0.4 mm slice thickness, and 5 min. Scan time). The same MRI sequence was used to detect edema in normal tissue treated by HIFU. Edema was detected by comparing T2-weighted images from before and after treatment. The temperature monitoring was performed based on MR thermometry using a 2D gradient echo sequence (baseline temperature: 37°C, TE/TR = 8.7/30 ms, 10 cm FOV, 128 × 128 matrix, 5 slices, 6/8 partial Fourier factor, 0.78 × 0.78mm 2 in-plane resolution, 5 mm slice thickness, and 14.5 s temporal resolution). A reference phase image was acquired prior to HIFU treatment and the temperature was estimated by calculating the phase difference between the present phase during heating and the reference phase in the treatment area. Another area outside the treatment area was also chosen to correct the magnetic field drift during the HIFU treatment. The temperature maps covering the treatment area were updated and monitored in every time frame (14.5 s). T1-weighted contrast enhanced (CE) images were extracted from the DCEMRI series 7 min after bolus injection of 4 ml gadopentetate dimeglumine (Magnevist®; Bayer HealthCare Pharmaceuticals Inc., Wayne, NJ) over 20 s to verify the change of tissue permeability in the treated site immediately after (0 h) and 24 h after HIFU treatment. The concentration of gadopentetate dimeglumine used in our study is 0.5 mmol/ml. The DCEMRI series was acquired by T1 mapping images using flip angles of 10, 20, 30, 50 and 70, and dynamic contrast enhanced imaging, DCEMRI (TE = 2.62 ms, TR = 6.0 ms, FOV 180 mm × 180 mm, acquisition matrix 192 × 192, pixel spacing 0.9375 mm × 0.9375 mm, NEX = 1, temporal resolution 10.44 s). The full DCEMRI curves were fit to the Kety model using NelderMead simplex curve fitting and the permeability k trans was produced quantitatively.
Post-processing of the MR thermometry data
Temperature maps were reconstructed using the PRF method and based on the assumption of a core temperature of 37°C. The thermal dose standard CEM 43 was used to calculate the accumulative thermal dose during the HIFU treatment, which is based on the following standard definition: [21] 
( 1) where CEM 43 is the "thermal iso-effective dose" in "cumulative equivalent minutes" at 43°C, T(t) is temperature at time t, and t e is the end time of the HIFU treatment. This equation was applied for each voxel to calculate the thermal dose map in the treated region.
111 In-DOTA-IA synthesis
To demonstrate the enhanced permeability of the tumor treated by pHIFU, we used a small molecule α v β 3 targeting radiopharmaceutical 111 In-DOTA-IA, which has been shown in a previous study to maintain a high affinity towards α V β 3 positive tumor without the shortcoming of high non-specific renal uptake [22] . The radiopharmaceutical 111 In-DOTA-IA was synthesized by radiolabeling tumor targeting IA with 111 In using DOTA as a bifunctional chelator. The synthesis of 111 In-DOTA-IA has been previously reported. [22, 23] In brief, 111 In (2 − 3 mCi, 74-111 MBq) in 100 μL of 1 M NH 4 OAc buffer (pH 6.0) was added to 5 μg of DOTA-IA in 100 μL of 1 M NH 4 OAc buffer (pH 6.0). The reaction mixture was incubated at 90°C for 30 min. The reaction was monitored by radio-TLC using Varian ITLC-SG strips developed with 50 mM EDTA (pH 5.5). In this system, free 111 In forms a complex with EDTA and eluted with the solvent front (R f = 1), while 111 In-DOTA-IA remained at origin (R f = 0). 4 ml of the synthesized 111 In-DOTA-IA (2.37 mCi) was intravenously injected into the rabbits one day after receiving pHIFU treatment.
SPECT scanning
One day following intravenous injection, SPECT scanning was performed on a Philips Brightview XCT Dual-detector scanner with 64 projections using bone windows centered at 30 s stops and 111 In windows. 3-D images were then reconstructed. DICOM images were later analyzed with pmod software (PMOD TECHNOLOGIES LLC, Zürich, Switzerland). The regions-of-interest (ROI) were calculated to determine the average 111 In-DOTA-IA uptake activity in the pHIFU treated VX2 tumors and the control tumors.
Statistical analysis
The correlation study between the therapeutic effects of pHIFU and the thermal parameters was performed on 37 treated locations on both hind limbs of six rabbits. Two-sample t-test was used to statistically analyze the correlation of the therapeutic effects of pHIFU and the two thermal parameters, the peak temperature (T_Peak) and the accumulative thermal dose (Dose_CEM43). The positive treatment group consists of 26 locations (N = 26) and the negative treatment group consists of 11 locations (N = 11). The therapeutic study of enhanced 111 In-DOTA-IA delivery in pHIFU treated VX2 tumors was repeated four times in translational rabbit model. The therapeutic results were statistically analyzed in the region of interest by a one-way ANOVA between the pHIFU-treated VX2 tumors (N = 4) and the control tumors (N = 4). The statistical significance was calculated by the Tukey's method. Data were expressed as mean value and standard deviation, and difference were considered significant at p < 0.05.
Results
Correlation between the therapeutic effects of pHIFU treatment and the thermal parameters
To investigate the relation between the therapeutic effect of pHIFU and thermal parameters in bulky normal muscle tissues, we performed total 37 pHIFU treatments on both hind limbs of six female New Zealand white rabbits, with a customized MRI/MR thermometry-guided preclinical HIFU unit (RK-100). In each experiment, T2-weighted images (Fig. 1a) were acquired before pHIFU procedure to provide the anatomical information of the target area in the hind limb of the rabbit, which provided the necessary guidance for the pHIFU treatment. During pHIFU treatment, the focused spot was placed against the hind limb of the rabbit. Several locations on the hind limb were chosen under the guidance of T2 weighted images to receive the pHIFU treatment (Spot 1-6 on Fig. 1a) . During each pHIFU treatment, 120-240 pulses were delivered to the targeted spot at peak acoustic power in the range of 60-90 W and duty cycle in the range of 5-20% to induce different pHIFU treatment parameter sets for targeted therapeutic effects. The acoustic parameters and the calculated thermal parameters for each of the six pHIFU treated spots were collectively listed in Table 1 . The acoustic intensity around the focused spot and the pHIFU induced temperature change was controlled and monitored in near real-time by using MR-thermometry (Fig. 1b) . The temperature change curve and the accumulative thermal dose in the treated location for a typical pHIFU treatment were shown in Fig. 1c . The peak temperature (T_Peak) and the thermal dose (Dose_CEM43) may vary in each animal study and each pHIFU treatment, depending on the location of the target, the acoustic intensity, the duty cycle, number of sonication pulses and the animal response to the pHIFU treatment. For all the spots receiving the pHIFU treatments, the peak temperature T_Peak and the total thermal dose Dose_CEM43 were collectively shown in Fig. 1d , from which the difference of T_Peak and Dose_CEM43 for each spot can be identified. After the pHIFU treatment, another T2-weighted MRI scanning was performed immediately to detect edema created by pHIFU in comparison with the T2-weighted images acquired before pHIFU treatment. Among the six pHIFU treated spots [1] [2] [3] [4] [5] [6] , three of them present visible edemas (Fig. 1e) in the T2-weigthed images 0 h after pHIFU treatments. The size and shape of the instantaneous edemas correlate well with the heat distribution (Fig. 1b) during the pHIFU treatments. The peak temperature ranges from 47.01°C to 47.92°C, and the thermal dose ranges from 12.93 to 30.15 for the three spots with visible edemas (Fig. 1d) . On the contrast, the peak temperature ranges from 44.2°C to 45.95°C, and the thermal dose ranges from 1.75 to 8.3 for the other three spots without edemas (Fig. 1d) on the T2-weigthed images 0 h after pHIFU treatments. The instantaneous edema may extend beyond the boundaries of the edemas in the direction of the muscle fiber after pHIFU treatment, which was shown in the follow-up T2-weighted images acquired 24 h after pHIFU treatments (Fig. 1f) .
T1-weighted contrast enhanced (CE) images were extracted from the DCEMRI series 7 min after bolus injection was used to analyze the improved contrast uptake in the regions of interest. Binary tissue response (True/False) was determined by analyzing the presence of improved contrast uptake in the regions of interest on the T1-weighted CE images 24 h after pHIFU treatment (Fig. 2a) , in comparison with the T1-weighted CE images 0 h after pHIFU treatment. It was noticed that the three spots demonstrated with edema 0 h after the pHIFU treatments eventually lead to the improved contrast uptake in the regions of interest, while contrast uptake improvement was absent in the other three spots where no edema showed up in the T2-weigthed MRI images 0 h after pHIFU treatments. For the same three spots with edema demonstrated at 0 h after the pHIFU treatments, changes in the permeability k trans were noticed by comparing these tissue parameters fitted from Kety model at 0 h and 24 h after pHIFU treatment (Fig. 2b) .
The peak temperature, the thermal dose and the binary tissue response for each of the total 37 pHIFU treatments were plotted collectively in Fig. 3 . As shown in Fig. 3 , most pHIFU treatments with higher peak temperature and higher thermal dose presented enhanced contrast uptake while the chance of showing positive response to the pHIFU treatments was low for the cases with low peak temperature and low thermal dose. The therapeutic effects of the total 37 pHIFU treatments and the corresponding thermal parameters were further statistically analyzed by two-sample t-test. The peak temperature (T_Peak) and the accumulative thermal dose (Dose_CEM43) of both positive treatment group and negative treatment group were listed as mean values and standard deviation in the table (Table 2) . We also investigated thresholds that can reliably identify successful outcomes. This was done by investigating a threshold that maximizes both sensitivity and specificity. Statistical analysis showed that the threshold T_Peak = 46°C yielded 83% sensitivity and 75% specificity based on the data (26 positive pHIFU treatments and 11 negative pHIFU [1] [2] [3] spread along the muscle fiber; (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 1 The acoustic parameters and calculated thermal parameters from MR thermometry data of the six spots in the thigh muscle of normal rabbit being treated by pHIFU. P Av is calculated by P Av = P Peak × DC, and E total is calculated by E total = P Av × Pulses. Following the study in bulky normal muscle tissues of rabbit model to validate the correlation between the therapeutic effects of pHIFU treatment and the thermal parameters, we further explored the feasibility to use pHIFU treatments to enhance tumor permeability in bulky VX2 tumors implanted on the hind limb of rabbits. Four female New Zealand white rabbits implanted with VX2 tumors on both sides eventually entered the whole procedure, including pHIFU treatments, systemic 111 In-DOTA-IA delivery and SPECT scanning. Before any pHIFU procedure, T2-weighted images (Fig. 4a) were acquired for each rabbit implanted with VX2 tumors to validate the growth and the size of the VX2 tumors on both sides. Same as in the mechanism study based on bulky normal muscle tissue of rabbit model, another set of T2-weighted images (Fig. 4b) was acquired immediately before pHIFU procedure to provide the anatomical information of the target tumor in the hind limb of the rabbit, which were then used jointly with RK100 control software to provide the necessary guidance for the pHIFU treatment. During pHIFU treatment, the focused spot was placed against the targeted VX2 tumor. 4-6 spots with several millimeters in distance were chosen in the VX2 tumors to receive pHIFU treatments, which ensured the coverage of pHIFU treatments on the entire VX2 tumors. The acoustic intensity around the focused spot and the HIFU induced temperature change was controlled and monitored in near realtime by using MR-thermometry (Fig. 4c) . The treatment parameters such as acoustic intensity, duty cycles and number of pulses might be tuned a little bit to ensure the target area reach the expected temperature change and receive sufficient thermal dose (Fig. 4d) already optimized in the correlation study with bulky normal muscle tissues. 24 h after receiving pHIFU treatment, the rabbit was injected with the small molecule α v β 3 targeting radiopharmaceutical 111 In-DOTA-IA No enhanced contrast uptake Enhanced contrast uptake Fig. 3 . Distribution of pHIFU assisted drug delivery on normal rabbit muscle with different peak temperature and the thermal dose.
Table 2
The mean and standard deviation (SD) of the variables of interest in each group. The pvalues are based on a two-sample t-test for T_Peak and log 10 (Dose_CEM43), and based on a Mann-Whitney test for Dose_CEM43. The threshold was statistically chosen by maximizing both sensitivity and specificity. It was found that the threshold T_Peak = 46 yielded 83% sensitivity and 75% specificity based on our data. Similarly, the threshold Dose_CEM43 = 12.6 yielded 86% sensitivity and 88% specificity. Figs. 1 and 2 ). The DOTA-IA was radiolabeled with 111 In at > 96% radiochemical yield and the radiochemical purity was over 99.5% without any purification. The specific activity of 111 In-DOTA-IA was calculated to be in the range of 1050-1200 μCi/μg. Another 24 h after 111 In-DOTA-IA injection, the radiopharmaceutical uptake of the rabbit in the VX2 tumors was imaged by SPECT scanning. The two legs of the rabbit spread out against the bed in prone position to ensure both VX2 tumors can be covered in the SPECT scanning. The MIP images formed from the reconstructed 3-D results showed the obvious improved uptake in the VX2 tumor pre-treated by pHIFU, in comparison with the control VX2 tumor (Fig. 4e) . The regions-of-interest (ROI) were further analyzed with pmod software to determine the average 111 In-DOTA-IA uptake activity in the pHIFU treated VX2 tumors and the control tumors. The coronal section images cross the center of the VX2 tumor was shown in Fig. 4f , and the 111 In-DOTA-IA uptake activity results for the four rabbits in the pHIFU treatment group and the control group were statistically analyzed as the mean value and standard deviation (Fig. 4g) . The uptake of 111 In-DOTA-IA in the VX2 tumor pre-treated by pHIFU was improved by 34.5% ± 19.7% on average, in comparison with the control VX2 tumor, which is statistically significant (N = 4, p = 0.02).
Discussions
This study further investigated the relationship between the therapeutic effects of pHIFU treatment and thermal parameters with in a rabbit model and a preclinical HIFU system RK100, which is much less expensive than a comparative clinical unit like ExAblate used before. A study performed previously with a clinical HIFU system has demonstrated poor correlation in statistics between acoustic parameters and therapeutic pHIFU effect, although different acoustic parameters were used in 179 pHIFU treatments on 25 rabbits to confirm mechanical mechanism of pHIFU enhanced tissue permeability [16, 20] . Instead, a correlation between therapeutic effect and thermal parameters has been revealed on rabbit model. This finding differs significantly from the an improved tumor targeting kinetics with rapid accumulation and prolonged retention in the α v β 3 receptor-positive tumor. [24] In order to further increase 111 In-DOTA-IA tumor targeting, we developed a novel way to non-invasively increase drug delivery to solid tumors using pHIFU. [10, 11, 13, 25] We have demonstrated that we can use pHIFU to gently heat tumors and surrounding normal tissue to nontoxic temperatures at the depth and time of our choosing, resulting in a multiple-fold increased drug delivery in the targeted area. Of translational significance, this approach uses FDA-approved ultrasound devices and can easily be translated into clinical practice. Our study results confirmed the correlation between therapeutic effect and thermal parameters in a large animal model, and the correlation is replicable in a pre-clinical HIFU system. However, T_Peak = 46°C and Dose_CEM43 = 12.6 were found in our study to be the thresholds for most likely successful pHIFU treatment, which was statistically chosen by maximizing both sensitivity and specificity. In contrast, T_Peak = 49.36°C and Dose_CEM43 = 159 were found in previous study to partition treatments into high chance and low chance of success in contrast uptake improvement in the bulky tissue treated by pHIFU. [16] The cause for the variations of the thresholds of T_Peak and Dose_CEM43 for high chance of successful pHIFU treatments may be due to the averaged 2.75 ± 1°C decrease in peripheral temperature from the core temperature in the rabbit during pHIFU treatment. The measured temperature and the calculated thermal dose in our study was based on the core temperature in the rabbit monitored by a rectal probe during pHIFU treatment, while the difference between the baseline peripheral temperature and the core temperature was not taken into consideration in the post-processing of the MR thermometry data. By taking into account the possible 2.75 ± 1°C difference in the baseline temperature between core and peripheral sites, the re-calculated T_Peak is 48.75°C and Dose_CEM43 is 84.8, which is in good agreement with the previous findings (T_Peak = 49.36°C and Dose_CEM43 = 159) considering ± 1°C measurement error in MR thermometry. Based on the findings of the correlation study on bulky normal muscle tissues in a rabbit model, the optimized pHIFU treatment parameters were used to treat VX2 tumors. Compared with normal muscle tissues, tumors already have enhanced permeability and inflammation, and the response to the pHIFU treatments is less dramatic. For example, tissue permeability can be improved above 70% in normal muscle tissues, while it can be improved only around 30% in most cases in the VX2 tumors. HIFU technology has already been used to ablate VX2 tumors. [26] Our technique adapted from ablative HIFU technology requires little change in traditional HIFU system and can be rapidly translated into clinic. Also our technique uses only a fraction of HIFU energy used for ablation and should be safer for clinical use. The combination of pHIFU enhanced delivery strategy and different therapeutic agents could improve efficacy of these agents leading to lower effective systemic dose and lowering the chances of adverse effects.
In this study, SPECT images were acquired 24 h after radiopharmaceutical injection in this study to demonstrate that pHIFU can induce enhanced delivery of 111 In-DOTA-IA to the VX2 tumor. However multiple time points' SPECT scan and extensive biodistribution studies of 111 In-DOTA-IA after pHIFU treatment and radiopharmaceutical injection can be conducted in the following studies to help optimize our approach to treat VX2 tumor. Furthermore, we have focused on evaluating pHIFU induced permeability change in normal muscle tissue and VX2 tumor tissue using contrast enhanced MRI and SPECT scan, respectively. In the following studies, additional tools including histological analysis can be used to exam the change in tumor vascularity after pHIFU treatment.
In summary, we have demonstrated that we are able to use MRI/MR thermometry to guide and monitor pHIFU treatment for successful pHIFU mediated drug delivery to both bulky normal muscle tissues and VX2 tumors in a rabbit model. With bulky normal muscle tissues, we have validated the correlation between the therapeutic effects of pHIFU treatment and thermal parameters in this study. 
